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AN EXPERIMENTAL INVESTIGATION OF RECTANGULAR EXHAUST-GAS EJECTORS
APPLICABLE FOR ENGINE COOLING
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SUMMARY

t‘ln experimental inrvestigation of rectangular exhausi-gas
&jector pumps was conducted to provide data that would serce
as a guide to the design of ejector applications for aireraft
engines with marginal cooling. The pumping characteristics
of rectangular ejectors- actuated by the exhaust of a single-
cylinder aircraft engine were determined for a range of ejector
mizing-section area from 20 to 50 square inches, orer-all length
Jrom 12 to 42 inches, aspect ratio from 1 to 6, diffusing exit
area from 20 to 81 square inches, and exhausi-nozzle aspect
ratio from I to 42. A few lests were conducted with a mulfi-
stage cjector, a dirided ejector, and an ejector incorporating
bends along its length.

With a decrease in the guantity of air pumped and an in-
crease in the length of ejector, the ejector pressure rise increases
to optimum rvalues. Optimum ralues of ejector area were
Jfound to depend upon mass-flow ratio of air to exhaust gas for
given engine operating conditions. IDMffuser-exit sections con-
siderably improved the performance of the ejectors. An
arrangement of a straight miring section with a diffusing exit
and a flattened exhaust nozzle provided the most farorable
ejector performance. An ejector composed of a straight mixing
section of 24-inch length and 26-square-inch area with a diffus-
ing exit of 12-tnch length and 1.87 exit-area—entrance-aree ratio
provided a pressure rise of 6 inches of water for a mass flow
of air representative of cooling requirements (8izx times the mass
flow of exhaust gas) for the engine when operated at a cruise
power of 85 indicated horsepower.

A simplified analysis, which considers the effect of pertinent
ejector rariables and indicates the performance in terms of
Eknown engine quantities, was made. The agreement befween
theory and experiment was fair over the range of ejector con-
figurations fested, except that a serious discrepancy existed in
that the optimum ejector areas prescribed by theory were smaller
and the ralues of peak pressure rise predicted at the small
optimum areas were higher than indicated by the tests.

INTRODUCTION

The cooling problem has been one of the main obstacles
to the attainment of high power outputs with modern air-
cooled aircraft engines. Adequate cooling on the ground,
in climb, and in long-range cruise has been difficult to obtain
in most submerged and pusher-type installations, and in
some high-performance tractor installations. The possi-

bility of the use of ejector pumps actuated by the engine
exhaust has been suggested as a means of providing the
additional cooling-air pressure drop required in installations
with marginal cooling.

Some experimental investigations of the ejector principle
have been made in connection with aircraft problems. Ref-
erences 1 and 2 present results of ejector tests with regard
to jet-thrust augmentation. The tests were conducted, for
the most part, with small-scale models actuated by com-
pressed air under steady-flow conditions. An investigation
of the design and operating conditions of small-scale com-
pressed-air ejectors, the results of which are pertinent to
their pumping as well as to their thrust-augmentation charac-
teristics, has been conducted at the United Aircraft Corpora-
tion. In reference 3 results are presented of & preliminary
investigation made to determine the suitability of ejectors
actuated by the exhaust of a radial eircraft engine for pro-

viding engine cooling air at the ground condition. The

pressure drops realized with some of the ejector combinations
investigated in reference 3 were of significant magnitude for
cooling. Tests made at the Northrop Aircraft, Inc. of a
number of exhaust-ejector systems for cooling aircraft engines
showed that appreciable improvement in cooling could be
obtained by the use of ejectors.

In view of the results presented in references 1 to 3 and of
the general interest in ejector cooling sugmentation, the
present investigation was conducted at Langley Field, Va.,
in the fall of 1942 to obtain additional quantitative informa-
tion on the performance of exhaust-gas ejector pumps and
to provide design data for the application of ejectors to
aircraft-engine installations. The publication of the results
was delayed by the transfer of the staff and equipment to
Cleveland, Ohio.

The experimental work was performed on ejectors of rec-
tangular cross section actuated by the exhaust from a single-
cylinder aircraft engine. The pumping characteristics of
ejectors of various ares were defermined for a range of length,
aspect ratio, diffusing exit, and shape of exhaust nozzle
Ejectors of rectangular cross section were tested because if
was felt that this approximate shape would readily lend itselt
to installation on engine cowls of conventional configuration.
Engine power was limited to about the cruise value (70
percent rated). A simplified theoretical analysis wes made
that indicates ejector performance in terms of known engine
and exhaust-gas quantities.
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ANALYSIS

An ejector is a device in which the kinetic energy of one
fluid is used to pump another fluid from a region of low pres-
sure to a region of high pressure.

In the present application, consideration is glven to the
use of the high-velocity exhaust-gas jets that issue from the

individual exhaust stacks of the cylinders of an aircraft engine .

for pumping cooling air from the rear of the engine to the
atmosphere. The effect of ejector action, then, is to reduce
the static pressure behind the engine and thus to increase the
pressure drop available for cooling. Ejector action is affected
by the transfer of momentum between the high-velocity
exhaust-gas jet and tho low-velocity air in the mixing
section.

An ejector may be designed for constant pressure through-
out the mixing section, in which case it has little value as a
pump; on the other hand, a constant-area mixing section per-
mits operation with a pressure rise and is therefore perti-
nent to the present application.
exit to the constant-ares mixing section results in a further
pressure rise owing to the conversion of velocity head.

A theoretical equation for the pressure rise across the
ejector is derived in the appendix and incorporates the
assumptions that follow.

The exhsust process in an engine is an intermittent one in
which the massflow rate, the velocity, and therefore the
momentum of the exhaust gas vary cyclically. Conse-
quently, the inflowing air and the outflowing mixture in the
ejector actuated by the exhaust gas will be of a pulsating
nature. The effect of the pulsating exhaust gas is taken
into account by the use of 2 mean effective exhaust-gas
velocity V., which is introduced in reference 4 as the equiv-
alent velocity that, when multiplied by the steady-flow
average mass-flow rate of exhaust gas, would produce the

M, M\ 1M,

alM,
ap T+ .

The symbols used in this equation are defined in the appendix.

The addition of a diffusing.

average momentum obtained by thrust measurements.
Unfortunately a similar treatment is not readily applicable
to the air that enters and the mixture that leaves the ejector.
In view of the complicated nature of the pulsating air and
the mixture flow and their dependence upon mass-flow rate,
ejector dimensions, and engine operaiing conditions, steady-
flow values are assumed. Inasmuch as the pulsations in the
air flow are damped relative to those existing in the exhaust-
gas flow, the deviations incurred by the foregoing assump-
tion should not be serious.

The assumptions of complete mixing and absence of wall
friction are made. The pressure rise obtained with an
ejector is then expected to be somewhaf less than that
predicted by theory. In an actual ejector, both the degxee
of completeness of mixing and the frietion losses increase
with increase of ejector length. The pressure rise, however,
is so affected by these opposing factors as to produce an
optimum length.

The additional assumption of a uniform velocity distri-
bution across the ejector area is postulated. Actusally, the
air entering the mixing section is accelerated by coniuct
with the high-velocity exhaust-gas jet with the result that
the ejector cross-sectional area surrounding the jet is more
effective in conducting the mass flow of gases than the arca
adjacent to the walls. The ecffective flow area may be
further decreased by the increased flow resistance of the
corner regions of the rectangular cjeclor. lHence, the
observed pressure rises will not be compatible with the
theoretical pressure rises for an ejeetor of the same area.
A more favorable comparison is possible wilh theoretical
pressure rises for some arbitrarily reduced area.

The expression for the pressure rise across the ejeclor
subject to the foregoing assumptions, as derived in the

appendix, is given by equation (19),

M,

M_Jr AI¢+1)<M R, —+c,,, (B 1) (19)
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This equation will be considered as the general expression for evaluating the performance of the tested ejectors both
with and without a diffuser exit; for nondiffusing ejectors, the diffuser factor g is equal to 0.

If the difference in specific heat and gas constant of air and exhaust gas is neglected and the area of the exhaust-gas
jet is small (that is, tlie factor a accounting for the reduction of the ejector—ent-r.ance area due to the presence of the exhaust-

gas jet is unity) equation (19) may be simplified to

+<E 1M,

MY, 1 M,

Ap

which may be expressed as
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In the range of ejector operation of practical interest in the present application, the use of equation (20) iniroduces
slight deviations from the pressure rises predicted by equation (19), :



INVESTIGATION OF RECTANGULAR EXHAUST-GAS EJECTORS FOR ENGINE COOLING 163

If 2 nondiffusing or straight ejector is first considered,
inspection of general equation (19) indicates that the pressure
rise is a function of several variables; namely, area of ejector,
mass-flow rate and mean effective velocity of exhaust-gas
jet, mass-flow ratio of air to exhaust gas Af,/3{1,, density of air,
and temperature ratio of exhaust gas to air. In the present
application, all of the variables except ejector area are speci-
fied or are known from the desired engine operating condi-
tions. The mass-flow rate of exhaust gas is specified by
engine power and the mass-flow rate of cooling air is known
from the cooling characteristics of the engine. (Represen-
tative values of }/./Af, lie between 6 and 9.) The tempera-
ture and the density of the air are determined by the ejector-
inlet conditions. A representative value of 1500° F may be
used for the temperature of the exhaust gas inasmuch as
large wvariations from this value have inappreciable effect
upon the results. The velocity of the exhaust-gas jet is
determined by the engine operating conditions and by the
area of the exhaust-gas nozzle. For maximum ejector per-
formance, small nozzle areas are indicated; the minimum

nozzle area is, however, limited by considerations of engine--

power Joss. Reference 4 provides informeation for determin-
ing the minimum permissible nozzle area and also the mean
effective exhaust-gas velocity from the engine operating
conditions. The mean effective velocity is the value ob-
tained by dividing the average exhaust-gas thrust, as meas-
ured with a target, by the average mass-flow rate of exhaust
gas; hence, it is directly applicable to the ejector equation.

When the values of the foregoing variables are inserted in
the general equation, the pressure rise is reduced to & fune-
tion of the area of the form

oG
Ap=g—

where C; and (, are constants.
For a diffuser ejector, this equation is modified simply by
a reduction in the absolute value of the negative term to an
extent determined by the expansion ratio of the diffuser.
The theoretical curves were obtained from equation (19).
In the ealculation of the theoretical eurves for comparison
with the test results, the following values were used:

Mass-tlow rate of exhaust gas, pounds per minute__________ 8
Alean effective exhayst-gas velocity (obtained from reference
4 for the 2.6 sq in. nozzle ares and the atinospheric exhaust

used}, feet persecond._______________ . ________.__.__ 1625
Density of air (atmospheric), slugs per cubie foot ________._ 0. 00232
Temperature of exhaust gas, °F__ _____ . ___ . ______________ 1500
Temperature of air (average value mainiained throughout

tests), ®F . ol 75
Specific heat of exhaust gas, Btu per pound per °F_______.. 0. 29
Specific heat of air, Btu per pound per °F________.____.____ 0.24
Gas constant of exhaust gas, foot-pounds per pound per °F.. 56. 4
Gas constant of air, foot-pounds per pound per °F . _____._ 53.3
Diffuser-loss coefficient—_____ .. __ .. 0. 15

The performance of ejectors of various area was then
calculated for a range of 1,/1/. from 3 to 16.

APPARATUS AND METHODS

The test-engine setup and the auxiliary equipment used
for this investigation are shown in figure 1 and the arrange-
ment of the apparatus is further indicated disgrammatically
in figure 2. The single-cylinder test engine was an 1820-G

F1GTRE 1.—Ejector setup.

engine modified to operate with only one cylinder. The air-
cooled cylinder was enclosed in & sheet-metal jacket open at .
the front and connected at the rear to a motor-driven centri-
fugal blower that provided the necessery engine cooling air.
An electric dynamometer was used to load the engine and to
measure the engine torque. Engine speed was measured by
an electrically operated revolution counter and a stop watch.

The charge-air weight flow of the engine was measured by
a thin-plate orifice installed according to A.S.ML.E. stand-
ards. A surge tank was provided between the engine and the
orifice to damp out pulsations. Upstream and differential
pressures at the orifice were measured with 2 mercury and a
water manometer, respectively. The fuel-flow measure-
ments were obtained with a calibrated rotameter. The
weight flow of the air pumped by ejector action was measured
by means of a large intake-orifice pipe (reference 5); an
aleochol micromanometer was used to indieate the -small
pressure drops across the orifice plate. The downstream end
of the orifice pipe was connected to a cylindrical surge tank
with a volume of approximately 90 cubie feet to which was
attached an extension chamber with provision for mounting
the various ejectors. The static pressure in the surge tank
and in the extension chamber was controlled by a butterfly
valve installed between the orifice pipe and the surge tank
and was mesasured with a water manometer.
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F16URE 2.—Diegrammaetic layout of equipment.

The engine exhaust stack, consisting of a 2¥inch-inside-
diameter pipe, was led through a flexible connection into the
extension chamber and was provided with a flanged end to
permit the attachment of nozzles of various shapes. The
nozzle-exit ares was 2.6 square inches, calculated from refer-
ence 4, for zero power loss &t an engine speed of 2100 rpm, &
manifold pressure of 35 inches of mercury, and an exhaust
pressure equal to that at sea level. The nozzle exits were
centrally located in the convergent entrance sections of the
ejector; their axial position was varied by spacers.

Ejectors of rectangular cross sectioh were chosen for the
tests despite the inherently greater strength and stability of
the circular form. This choice was prompted by considera-
tion of the aerodynamic aspects of an actual ejector instalia-
tion on a conventional cowl where approximately rectangular

shape would permit more efficient utilization of available

space. = - —
Each ejector was composed of a convergent entrance
section and a constant-area mixing section; the addition of &

diffusing exit section to the mixing section formed a diffuser
ejector. The convergence of the entrance section and the
divergence of the exit section were confined only to the
vertieal_plane; this procedure was dictated by consideration
of space limitations in an actual installation.

For a given ejector area, the entrance sections were con-
structed with a ratio of entrance area to cjector area of 3.00.
The lengths of these entrance sections were equal to the
lengths of a 60° right conical section of the same entrance
and exit areas. It was felt that this configuration would
permit the most economical space utilization without sacrifice
in ejector performance. Mounting plates were welded to
the entrance sections to provide atiachment to the surge-
tapk extension chamber.

The diffusing exit sections were built with an included
angle of 12°, Reference 6 indicates that a negligible increase
in shock loss above minimum value is incurred with this
expansion angle for rectangular diffusers with single-planc
divergence.
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TABLE I—STRAIGHT AND DIFFUSER EXHAUST-GAS
EJECTORS INVESTIGATED

. Eljector Exhaust nozzle
Straight- Diffuser Exit
seui)n - De fon Aspect loca-
area | matlos [  Ore8 <) milos | tiond | FlEure
(sq in.)
S AR
0S 15.8 1 [
365 15.8 1
m o e 28
248 12.0 o [{t®
208 12,0 0
U A Bis 158 0
' S 18.8 o [t©
0 7
248 a7 ¢ [p@
20 3 L9 183+6D 16.8 1
msigD 158 I i@
30S+6D 158 1
25 3 Lid 636D 120 0
1281 6D 2.0 8
1881 6D 12,0 0 7w
24S16D 12.0 1
%0S+6D 12.0 1
30 3 L 24516D 15.8 0 fT(e)
5 : L3l 18846D a7 0 |76
2 3 198 125+12D 15.8 1 }3 @
18S112D 15.8 1
25 3 L&r 312D 120 a
128112D 120 0 lls @
+ 12.0 1
245412D 12.0 1
0 3 L80 1854+12D 15.8 0
248+12D 15.8 0 ©
30S412D 158 0
3 Le2 125+12D ar 0 ls@
25 3 78 12.0 0 }m
231 6S+18D 120 0
25 TR ;S 1.0 0
30 R N 363 15.8 0 (i
bYo) 1884+12D 15.8 0
25 1 LTS 65+18D 7.0 0
178 63-+18D i v
%) 3 L&0 185412D 120 o hscw
5 L5 2431+6D a7 0
5 Lél 2iS16D 158 0 _
30 3 L80 183+412D 15.8 1 |1sm

= Ratio of larger to smaller dimensfon of rectangular stralght section end of nozzle exdt.
(Nozzle-exit ares, 2.6 3q In.)

b Ratio of exit area to en.trnnne aresa of diffuser.

e 8§, strafght section; D, diffuser. (Nu.mbers refer to length In in.) EmmpIe 2454+6D
Impues In. straight section-+a &-in. diff

¢ Distance, In r. axially back from m!dplane of convergent-enirance sectlon.

Table I presents a summary of the ejector configurations
tested and figure 3 indicates the details and terminology of a
representative ejector. The configurations are divided into
two general groups: first, straight ejectors conslstm.g of
converging entrance sections and constdnt-erea mixing

S$4310T—50——12

o— |

FIGCRE 3.—Ejector detafls and terminology. Stralght mixing-sectfon srea, square inches;
aspect ratlo of strafght miring sectfon m/n; length of stralght mixing seetfon 8, inches;
Iength of diffusing section D, Inches. (For example, an efector with a straight section of
24 In. and s diffusing section of 12 in. would be designated 2431-12D.)

sections, and second, diffuser ejectors consisting of diverging
exit sections appended to the straight ejectors. Straight-
section areas of 20, 25, 30, and 50 square inches were investi-
gated over 2 range of over-all length from 6 to 36 inches for
both groups. Diffusing exits were tested in lengths of 6, 12,
and, for a few cases, 18 inches. In regard to the maximum
length tested, no attempt was made to cover the range of
length required to obtain maximum ejector performance
for all areas Investigated. Instead, the lengths were limited
to values that were considered compatible with available
space on conventional aircraft power-plant instailations.
An ejector aspect ratio of 3 (the ratio of the larger to the
smaller dimension of the rectangular straight section) was
arbitrarily chosen for most of the tests from a rough con-
sideration of how the ejectors might be installed on the
periphery of the nacelle of 2 radial engine. A few tests,
however, were conducted with ejector aspect ratios of 1 and
5 for comparative purposes. The exhaust-nozzle aspect
ratio was varied with each ejector area in an effort to obtain
improved performance; the total range covered extended
from a square nozzle to a wide flat nozzle with an aspect
ratio of about 40. In a number of tests, the location of the
nozzle exit was varied from a central axial position in the
ejector-entrance section to a position farther back.
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TABLE II.—SPECIAL EXHAUST-GAS EJECTORS

INVESTIGATED
s . a—-|
H t
L 2{5 ' =%
L—4%—'r—-4ﬁé—ﬂ
Divided ejectfor
14— L_-‘—Q le— 9% 3 12- /0
//Z_W —E—q} 2}5—» Je———— & ——»y
A {
RN =]

Multistage ejecfor

+

>~
[

Curved ejector

All dimensions are in inches

Efectar I Exhaust nozzle
Buraight| As o i As | Ext)
section atfon pect | Joca- -
Type area pren(: a::_a E!) ra- |tiond| ure
(ain) | tion| ) tio » | (in.)
Divided. .. coceaaeaan 26 1.5 ) 1.87 128+412D 52 1
1284-12D 52 0 16
..... 308 52| 0
Three stag6- - - cn v -o- 6 140 |- g 120 0
" 38 |28 . o8 . } 7
61 | 248 |- 128
Binglo bend.._........ 3% |30 |L& éos-;gn! 13D _|158) 0 } 4
Reverse bend. ... 8 [30 |1.80308+6BF8B+12D ] 1581 0

= Ratlo of larger to smaller dimension of reciangular siralght secilon end of nozzle exit.
Fozzle-cxit area, 2.6 sq in.}

L Ratio of cxit area to entrance area of diffuser.

e 8, stralght seetion; D, diftuser; B, hend, (WNumbers refer to length In In.)

d Distance, in in., exially back from midplane of convergent entrance seetion.

In addition to the foregoing simple ejectors, tests were
conducted with several special arrangements shown in table
II. The 25-square-inch ejector was divided into two equal
ejectors by the installation of a dividing plate throughout
its length. For this arrangement the exhaust stack was
branched into two identical nozzles, each with an exit area

of half that of an ordinary nozzle. These nozzles were coen-
trally located in the divided ejector-entrance section. Tests
were conducted to determine whether the increased length—
hydraulic-diameter ratio for the same over-all length and
total area would improve the performance. One multistage
ejector, consisting of three straight ejectors in a scries, was
tested.

Inasmuch as application of ejectors o an aireraft installa-
tion might require some bends or curves along the ¢jeetor
length, several tests were made with single- and reverse-
curved lengths inserted in the mixing section of the 30-square-
inch ejectors,

During the initial phase of the investigation, the ejector
characteristics were determined over a range of cngine
powers. ~ The limitations of the setup did not permit engine
operation above atmospheric manifold pressure and above
an engine speed of 2000 rpm, which gave a maximum engine
power of 85 indicated horsepower. At a fuel-air ratio of
0.08, these operating conditions resulted in an exhaust-gas
mass-flow rate of 8 pounds per minute. At an appreciably
lower power output, the performance of the ejectors was of
no practical interest; hence, most of the tesis were conducted
at the maximum obtainable engine power. For cach ejector
combination tested, the pressure rise across the ejector (that
is, the difference in surge-tank and atmospherie pressurcs)
was varied from the minimum to the maximum obtainable
in four or five steps by means of the butterfly valve. The
quantity of air pumped was measured at each condition.

DISCUSSION

Straight ejectors.—The performance of the straight or
constant-area ejectors is shown in figure 4, where the rise in
pressure gcross the ejector is plotted against M,/A,.  Ejector
details and terminology are shown in figure 3. Experimental
results are presented for ejectors with an aspect ratio of 3,
with areas of 20, 25, 30, and 50 squarc inches, and over a
range of ejector length for an exhaust-nozzle area of 2.6
square inches and engine operating conditions of 85 indicated
horsepower, engine speed of 2000 rpm, and fucl-air ratio of
0.08. The mass-flow rate of exhaust gas for these conditions
was 8 pounds per minute. The exil aspeet ratio of the
exhaust nozzle used with the ejector of 50-square-inch arca
was about three times that of the nozzles used with the other
ejectors. The wide nozzle was chosen in this case in order
to distribute the exhaust jet across the ejector arca and thus
to provide mixing comparable with that obtained with the
other ejectors. Theoretical curves obtained from cquation
(19) are included for comparison. Theoretical curves for 90
percent of the actual area gave the best all-round agreement
with the expérimental results for all the straight cjectors,
For a given area, the pressure rise resulting from ejector
action decreases as the quantity of air pumped is increased.
An increase in area increases the range of mass-flow operation.
The experimental curves are similar to the analytical curves
and approach them in magnitude for the cjectors of longer
length,
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FI1GCRE 4—Performance curves for stralght efectors actuated by exhaust of single-cylinder
engine. Aspect ratfo, 3; exhaust-gas mass-flow rate, 8 pounds per minute; exhaust-nozzie
ares, 2.6 square inches; foel-air ratio, 0.08; Indicated horsepower, 85. For further details

see table L.

In figure 5 the results of figure 4 are cross-plotted against
the length of ejector expressed in hydraulic diameters LjD,
for an Af,fAf, of 6. The optimum length was reached for
the 20-square-inch ejector at an L/D, of about 8 but the
performance was not appreciably improved with an increase
in length above an LfDs 0f 6. The declining rate of increase
of pressure rise with increase in length is explained by the
opposing effects of increasing friction losses and more com-
plete mixing benefits. The results for the ejectors of 25-
and 30-square-inch area show that optimum lengths were
not attained; the curves started to level off, however, at an
L{Dy of about 6 or 7. Greater lengths than those tested
would very likely have resulted in improved performance
for ejectors of larger area; as previously explained, the
maximum lengths used were limited by practical considera-
tions of installations on aircraft.

A comparison of the performances of ejectors of various
area in figure 4 indicates that the optimum area depends on
M fAl,. With increasing M,/3f,, maximum obtainable
pressure rise is realized with the larger-area ejectors tested.
Faired curves of pressure rise against ejector area are cross-
plotted from figure 4 on figure 6 for values of Af, /AL, of 6
and 9, which are representative of the range of cooling-air
requirement of modern aircraft engines. Only theorstical
curves for 90 percent of the actual aree are included for
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comparison; the full-area theoretical curves are omitted for
clarity. The experimental and theoreticel curves are similar
in shape and exhibit fair agreement in magnitude at the large
areas. Serious discrepancies, however, exist at the small

5 1 T o
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FiGTRE 5.—Variaton of pressure rice with length—hydranlic-diemeter ratie for straight ejectors
actuated by exhaust of single-cylinder engine. Aspect ratfo, 3; exhaust-gas mass-fow rate,
8 pounds per mirute; exhaust-nozzle area, 2.6 square Inches; fuel-air ratio, 0.08; indicated
horsepower, 85; mass-fow ratio, 6.
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FlouRE 8.—Varlation of pressure rise with efector area for stralght efectors actuated by ex-
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minute; exhaust-nozzle area, 2.6 square Inches; fuel-air ratio, 0.08; Indieated horsepower, 85,
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areas; the theory predicts appreciably higher pressure rise
and smaller optimum area than obtained by experiment.
For example, at an M,/M, of 6, optimum area for the ejector
of 30-inch length was observed at about 27 square inches
with a pressure rise of 3.8 inches of water, whereas theory
predicts the optimum area to be about 20 square inches
with a pressure rise of 5.4 inches of water. This behavior
is not without precedent; Fliigel (reference 7) indicated that
the minimum cross-sectional area required for steady-flow
application has been found by experience to be from 30 to 50
percent greater than that prescribed by theory.

]
_\- x:\ \\\
- S N
6 N AN
\:i\ N RN
\‘; \# \ \\\
4
§ \\\ \\ \ L\
- N N N h)
g, \\\\1\\ hY AN \\\\ \
Ky
M A\ NN
< e NEE NRY
L]
'°c’ £jector
28 e BS+6pD
§ + /25+6D
@ - x /85460
o ~L 0 245 +60
Eg 6l— ~ Lo ;osw? :
T ——— Theoretica! (85
~ ~ percent areg)
p RN k- .
N e s S e
N ~— B “u\
2 \ "'\\.x I~
() d) ~
17 4 8 2 Q 4 8 2

Moss-flow ratio, M, /M,

(a) Ares, 20 square inches; diffuser-area ratio, 1.49,
(b) Area, 25 square lnches; dfffuser-area ratlo, 1.44,
(e) Area, 30 square inches; diffuser-area ratlo, 1.40.
(d) Ares, 50 square inches; diffuser-area ratio, 1.81.
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Diffuser ejectors.—The performances of ejectors with 6-
and 12-inch diffusing exits are shown in figures 7 and 8§,
respectively. The results are plotted in the same manner
and for the same engine conditions as for the straight ejectors.
The theoretical and experimental performance is seen to be
essentially of the same nature as that noted for the straight
ejectors. The values of pressure rise observed, however, for
ejectors with 6-inch diffusers are from ¥ inch to 2% inches of
water greater than those obtained with the straight ejectors
M, /M, - Forthe ejectors with 12-inch diffusers, the values
of pressure rise are from % inch to 3)% inches of water greater
than those for corresponding straight ejectors. In addition
to the increased pressure rise or improved pumping per-

formance obtained with diffusing exits, it is seen that they
extend the range of ejector operation to higher values of
M,/M, than achieved with straight ¢jectors.

The agreement between theoretical and experimental
curves is of the same order as that cxisting for the straight
ejectors; but, in several instances at low AL/AM,, the ob-
served values of pressure rise exceeded those predicted by
theory. Theoretical curves for 85 percent of the aclual
area were found, however, to give best all-round improve-
ment ih the agreement between calculated and experi-
mental results for all the diffuser ejectors tested.
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FIGGRE 8.—Performance curves for 12-inch diffuser ejectors actuated by exbhaust of single-
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nozzle ares, 2.6 square inches; fuel-air ratlo, 0.08; Indicated borsepuwer, 88, Fur further
detafls see table L.

The effect of length of straight section on the performance
of diffuser ejectors is seen from figures 7 and 8 to be of the
samae nature as noted for straight ejectors. Of further
interest, is the relative performance of various combinations
of diffuser and straight section of different length. In figure
9 (a), curves of 25-square-inch ejectors with 6-, 12-, and
18-inch diffusers and with a 6-inch straight scction are
plotted for comparison. In figure 9 (b), these resulis and
those for various lengths of straight section with a 6-inch
diffusing exit from figure 7 (b) are cross-plotied against
over-all ejector length for an Af,/M, of 6. All the diffuser
sections were constructed with the same divergence angle;
hence, the longer-length diffusers correspondingly incorporate
greater expansion ratios. The improved performance of the
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straight sections of longer length with the 6-inch diffuser over
that of the straight section 6 inches in length with larger
diffusers indicates the advantage of adequately long straight
mixing sections. The importance of this consideration is
further emphasized in figure 10 where the performance
curves of various combinations of ejectors of 24-inch over-all
length and 25-square-inch eres are grouped (fig. 10 (2)) and
are plotted against respective lengths of component straight
and diffuser sections for values of Af,/Af, of 6 and ¢ (fig.
10 (b)). The most advantageous utilization of the 24-inch
over-all length is realized with a combination of a straight
section of about 16-inch length and a diffuser of about
8-inch length. This combination is not eritical, however, and
has little advantage over 24-inch-length ejectors composed
of 6- to 18-inch straight sections and 18- to 6-inch diffusers.
The combination of longest straight section and shortest
diffuser that will not impair performance is desirable from
considerations of exit area.

With the long ejectors of the seme over-all length the
larger-expansion-ratio diffusers are advantageous; for ex-
ample, the pressure rise observed for an Af/Af, of 6 with
the 245-+12D ejector was 6.0 inches of water (fig. 8 (b)) as
compared with a pressure rise of 5.4 inches of water for the
30S+6D ejector (fig. 7 (b)).
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Various aircraft manufacturers have proposed augmenting
engine cooling by the use of extremely short ejectors con-
sisting of no more than individual exhaust stacks ejecting
into the space between the cowl flaps and engine nacelle.
Furthermore, results of unpublished tests comparing such
installations with conventional installations of exhaust-
collector rings are cited by them wherein the pseudoejector
arrangement appreciably improved engine cooling.

In this connection it is interesting to note that short
ejectors are relatively ineffectual in pumping action; for
example, a 6S-+6D ejector of 25-square-inch aree provides
a pressure rise of about 2.0 inches of water at an A7 /A[, of 6.
Part of the improvement in engine cooling that resulted from
change-over of collector-ring to individual-stack arrangement
may have been due to the concomitant cleaning up of the
space behind the engine in addition to ejector action.
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As previously discussed, the reduced-ares concept .im-
proves the agreement between experiment and theory.
The performance of the straight-section ejectors with 6-
and 12-inch diffusing exits is cross-plotted against mixing-
section area for M, /A, of 6 and 9 in figures 11 and 12.
Only the 85-percent-reduced-area theoretical curves are
included for comparison; the full-area theoretical curves are
omitted for clarity. The trends of the experimental curves
and their agreement with theory is seen to be similar fo that
of the straight ejectors; a large discrepancy still exists at the
small areas. -

In order to obtain an over-all comparison of the perform-
ance of straight and diffuser ejectors, figures 6, 11, and 12
are combined and replotted in figure 13 with exit area in-
stead of mixing-section area as the abscissa. The advantage
of the 12-inch diffuser over the 6-inch diffuser and of the
6-inch diffuser over the straight ejector as regards maximum
performance is clearly demonstrated; the tendency of the

- eurves to cross at the small areas may, however, reverse the
relative performance. It is also recalled, from previous dis-
cussion, that the benefits of the large diffusers will not be
realized without sufficient length of mixing section.
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Curved ejectors.—The effect of bends in the mixing section
of an ejector of 30-square-inch area with 12-inch diffusing
exit is shown in figure 14, where performence curves are
presented for a 30-inch straight mixing length, 2 36-inch
mixing length (which included a 6-in.-length 15° bend),
and a 42-inch mixing length {which included two 6-in.-length
reverse 15° bends). The details of these curved ejectors are
shown in table II. No significant variation in performance
among the arrangements is apparent. It thus appeers that
slight eurvatures in the ejector mixing section have little, if
any, unfavorable effects upon performance..

Ejector aspect ratio.—Although the investigation of ejector
‘aspect ratio was not complete, the results of the few tests
made on this phase of the problem are presented. In figure
15 the effect of aspect ratio is obtained by comparison of the
performance of the 30-square-inch ejectors of 3 and 5 aspect
ratio and of the 25-square-inch ejectors of 1 and 3 aspect
ratio.

The performance of ejectors of aspect ratio 3 appears to
be slightly better than those of aspect ratio 5 for the same
nozzle of exit-area aspect ratio of 15.8. Although an
ejector of aspect ratio 3 was observed to be better than an
ejector of aspect ratio 1, part of the improved performance
may be attributed to the fact that different exhaust nozzles
were used with the 25-square-inch ejectors undergoing com-
parison. The square exhaust nozzle used with the ejector
of aspect ratio 1 is not, as will be discussed later, as effective
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as g flat nozzle of the type used with the ejector of aspect
ratio 3. It is considered, therefore, that the actual adven-
tage of aspect ratio 3 is slight.

The effect of aspect ratio on ejector action may be con-
sidered in terms of length—hydraulic-diameter ratio because,
for constant area, change in aspect ratio changes the hy-
draulic diameter and t—here;ore, for a given length, changes
the L/D,. Thus the small fmprovement in performance
obtained by increasing the aspect ratio from 1 to 3 may be
thought of as being due to increased mixing efficiency re-

- sulting from increase in L/D, and the subsequent slight

depreciation in performance with further increase of aspect
ratio as being the result of increased friction effects’ over-
compensating the benefits of improved mixing. )

Divided ejectors.—The tests of the divided ejectors (see
table II) were an extension of the investigation of ejector
aspect ratio and were prompted by the idea that improved
performance of short-length ejectors could be obtained by
decreasing the hydraulic diameter and consequently increas-
ing the L{D,. In figure 16 the results of the divided 25-
square-inch ejector are compared with those of the simple
or undivided ejectors of 25-square-inch area and aspect ratio
of 3. Despite the 25-percent-smaller hydraulic dismeter
and the greater L{D; of the divided ejectors, their perform-
ance was poorer than thet of the undivided ejectors. The
depreciation in performanee may have been caused by addi-
tional losses incurred in the branched exhaust nozzle and by
increased friction effects.
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Multistage ejectors.—Figure 17 illustrates the performance
of the multistage ejector, the physical details of which are

given in table II. Included for comparison is the perform-

ance curve of the 245412D ejector of 30-square-inch ares
and aspect ratio of 3; the over-all length and exit area of
which corresponds closely to that of the multistage ejector.
The multistage ejector exhibits poarer performance than
the single-stage diffuser ejector over a great part of the
M,/M, range but appears to be slightly better at the high
end of therange. It thus appears that the multistage ejector
is better adapted to applications requiring high flows; this
conclusion cannot, however, be considered general inasmuch
as only one multistage arrangement was tested.
Nozzle-exit aspect ratio—During the course of the in-
vestigation, exhaust nozzles of various aspect ratios and of
2.6-square-inch exit area were tested with several of the
different-area ejectors. Some representative results illus-
trating the effect of nozzle aspect ratio are plotted in figure
18 (a). The performance of the ejectors of 25-square-inch
area and aspect ratio of 1 with nozzles of aspect ratio of 7
(4%2 by 3%, in.) is better than the same ejectors with nozzles
of aspect ratio of 1 (1% by 1% in.). Comparison of the
results of ejectors of 30-square-inch area and aspect ratio of
5 shows the 15.8-aspect-ratio nozzle (6!¥%: by 4. in.) to be
better than the 41.7-aspect-ratio nozzle (10'%. by % in.) and
the performance of the ejectors of 30-square-inch area and
aspect ratio of 3 indicates a slight advantage of the 15.8-
aspect-ratio nozzle over that of the 12.0-aspect-ratio nozzle
(5'%: by 1%, in.). It thus appears that flattenjng.eut the
exhaust nozzle to a certain extent provides improved ejector
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performance but that excessive flattening results in depreci-
ated performance. o ) N -

The improved performance with the wide exhaust nozzle
is undoubtedly due to the better mixing resulting from the
increased surface area of the exhaust jet. The reason for the
falling off in performance with the extremely wide nozzle is
not readily apparent. There is a very good possibility that
the cross-sectional area of the extremely wide nozzles may
have appreciably increased during operation owing to the
action of the high-pressure, high-temperature exhaust gas.
The larger area would, of course, decrease the jet momentum
and hence decrease the ejector performance. Although pre-
cautions in the form of reinforcing bands and through-rivets
were taken to avoid enlargement, only a slight bulging would
cause a large increase in area for the wide flat nozzles. Inas-
much as the practicability of extremely wide exhaust nozzles
was questionable because of their inherent structural weak-
ness, further tests with additional precautions to maintain
the desired cross-sectional area with these nozzles were not
conducted.

It is believed that, in general, increase in surface aren of
the primary jet will improve the performance of ejectors
provided that the jet momentum is not reduced.
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Nozzle-exit location.—A few tests were made with the
exhaust-nozzle exit located 1 inch upstream of the center of the
ejector-entrance section. The results of these tests are com-
pared in figure 18 (b) with the results obtained with the
nozzle in the central position. No significant difference in
performance is indicated.
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Ejector performance at higher engine power.—Although
the maximum engine power at which experimental results
were obtained was limited to cruise value (85 indicated
horsepower corresponding to a mass-flow rate of exhaust gas
A, of 8 pounds per minute), theoretical ejector performance
at high power should be considered.

For purposes of illustration, celculations were made for an
M, of 12 pounds per minute, which corresponds to about
rated power. The mean effective exhaust-gas velocity was
taken at 1950 feet per second as obtained from reference 4
for the same exhaust-nozzle area as used in the tests (2.6 sq
in.). The results of the calculations are shown in figure
19 (a) where pressure rise is plotted against ejector area for
an 31,/M, of 6 for cases of straight, 6-inch diffuser, and 12-
inch diffuser ejectors. The previously considered theoretical
curves for an 3, of 8 pounds per minute are included for
comparison. Similar sets of curves are presented in figure
19 (b) for an AL A, of 9.

The curves for an A, of 12 pounds per minute are similar to
those for an M, of 8 pounds per minute except for higher
values of pressure rise. If the large difference in pressure
rise occurring at the small areas is neglected, an increase in
pressure rise from 2 to 8% inches of water is indicated for the
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high-power condition for an Af,/Af, of 6 and an increase in
pressure rise from 2 to 3 inches of water for an A,/M, of 9.
It is noted that the performance curves for an M, of 12
pounds per minute peak at larger area than do the curves
for an M, of 8 pounds per minute.

It is appreciated that the peak values of pressure rise
indicated by theory will be as unattainable in practice for an
M, of 12 pounds per minute as they were observed to be for
an M, of 8 pounds per minute. It is reasonable to assume,
however, that the actual difference in performance between
operation at an M, of 12 pounds per minute and an M, of 8
pounds per minute will closely approximate the theorstical
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differences previously noted. These values will probably be
somewhat decreased owing to the large friction at the higher
power. In addition, it is expected that the actual arcas
yielding optimum performance will be larger than corre-
sponding areas for the low-power condition.

Altitude performance.—The performance of ejectors at al-
titude is of interest. In lieu of experimental results, theo-
retical values have been considered in order to indicate the
trends of ejector performance with variation in altitude. In
figure 20, the variation of pressure rise with ejector arca is
shown for pressure altitudes at sea level, 15,000 feet, and
30,000 _feet. The curves were calculated for an exhaust-
nozzle area of 2.6 square inches, an exhausi-gas mass-flow
rate of 12 pounds per minute, an 1£,/31, of 6, and for straight
and 12-inch-length diffuser ejectors. The ejector air tem-
perature was arbitrarily assumed constant at 75° F. The
peak pressure rise of the ejectors decreases with increase in
altitude and occurs at larger values of area; the second effcct
is more marked for the nondiffusing ejectors. In the prac-
tical range beyond the peak values, altitude produces but
slight change in ejector performance.

Use of the nozzle of exit area of 2.6 square inches, designed
for zero power loss at sea level, will incur an engine power
loss with increase in altitude. A larger nqzzle, designed for
zero power Joss at particuler conditions of power and altitude,
will not produce as large ejector pressure rises as indicated
in figure 20, but the relative ejector performance at different
altitudes will be similar.

SUMMARY OF RESULTS

From tests of rectangular ejectors, actuated by the exhaust
of a single-cylinder engine operating with an exhausi-gas
mass-flow rate of 8 pounds per minute corresponding to cruise
power of 85 indicated horsepower through a nozzle with an
exit area of 2.6 square inches, it was found that:

1. Ejector pressure rise increased with decrease in quantity
of air pumped.

2. Ejector performance increased at a diminishing rate
with increase in length. Lengths of about 6 or 7 diameters,
although not-optimum, constituted adequate practical values,

8. For given operating conditions, an optimum ejector
aren existed, the value of which increased with increase in
mass-flow ratio. At the test conditions, best performance
with straight ejectors was indicated at an area of about 27
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square inches for & mass-flow ratio of 6 and at an area of
about 30 square inches for a mass-flow ratio of 9; for an
ejector 30 inches in length, the pressure rises were 3.8 inches
of water and 2.0 inches of water, respectively.

4. Diffuser-exit sections considerably improved the per-
formance of the ejectors; the use of a diffuser of 12-inch
length and 1.87 area ratio attached to a straight section of
24-inch length and 25-square-inch area resulted in & pressure
rise of 6 inches of water for & mass flow of air representative
of cooling requirements (six times the mass flow of engine
exhaust ges). Although this gain was obtained af the ex-
pense of increased exit ares, the performance of diffuser
ejectors was also better than that of straight ejectors for the
same exit area and over-all length.

5. Ejector cross-sectional aspect ratio had smell effect;
with the exhaust-gas nozzles used, ejectors of aspect ratio
of 3 gave slightly improved performance over those with
aspect ratios of 1 and 5.

6. The performance of divided ejectors formed by insertion
of an axial separating plate in a 25-square-inch ejector actu-
ated by flow from a forked exhaust-gas nozzle was poorer
than the performance of the originel undivided ejector.
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7. A three-stage ejector exhibited poorer pumping char-

gcteristics than a single-stage diffuser ejector of the same
over-all length and exit area.

8. The inclusion of 15° single and reverse bends in the
mixing section of an ejector did not noticeably impair its
performance.

9. Flattened exhaust-gas nozzles with cross-sectional as-

pect ratios of approximately 12 to 15 provided better ejector

performance than nozzles of either smaller or larger aspeet

ratios.
10. Simple steady-flow ejector theory predicted perform-
ance of straight and diffuser ejectors in fair agreement with

tested; peak values of pressure rise predicted at small ejector
areas were unattainable. Optimum ejector-erea values pre-
scribed by theory were smaller than indicated by test.

ArrcrarT ENGINE RESEARCE LABORATORY,
NaTioNAL ApvisorY COMMITTEE FOR AERONATTICS,
CreEvELAND, OHIO, May 1, 1944.

experimental results over the range of ejector configuration



APPENDIX
DERIVATION OF EQUATIONS

SYMBOLS

A ejector cross-sectional area, sq ft
A, cross-sectional ares of exhaust-gas jet at section 1, sq {t
¢, specificheat at constant pressure, Btu/(slug) (°F)

D, hydraulic diameter of ejector cross section p?z%_eter)’

in,
k; loss coefficient in diffuser
L straight-mixing-section length of ejector, in.
M average mass rate of gas flow, slugs/sec
p static pressure, Ib/sq ft
Ap pressure rise, Ibfsq ft or in. water
R gas constant, ft-1b/(slug) (°F)
T gas temperature, °R
V average gas velocity, ft/sec
'[7

mean effective gas velocity, ft/sec
factor accounting for reduction of ejector-entrance area

due to presence of exhaust-gas jet 1%45_24;;)]

B diffuser factor [1—(%: z—kd( _%)2]

density of gas, slugs/cu ft
ubscripts:
with reference to cooling air
with reference to exhaust gas
with reference to mixture
entrance to convergent section of ejector
entrance to straight mixing section
exit of straight mixing section or entrance to diffuser
exit of diffusing section

[ 92 ~]

WNHOZ A

SIMPLIFIED ANALYSIS

The basic principles of the ejector pump are elementary; a
rigorous analysis of the processes involved is, however,
extremely complicated. Although existing analyses incor-
porate, of necessity, simplifying assumptions, the final equa-
tions are rather unwieldy and not in & form readily applicable
to an investigation of ejectors actuated by the exhaust gas
of an aircraft engine.
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The simplified analysis that follows considers the effect of
pertinent variables and predicts performance in terms of
known engine quantities. The pressure risc across the ¢jector
is obtained as a function of the mass-flow rate of air pumped,
the ejector cross-sectional ares, and the mass-flow rate and
velocity of exhaust gas available.

The effect of the pulsating exhaust gas is taken into account
by the use of an effective exhaust-gas velocity T introduced
in reference 4 as that equivalent velocity which, when mul-
tiplied by the steady-flow average mass-flow rate of exhaust
gas, would produce the average momentum obtained by
thrust measyurements. In view of the complicated nature
of the pulsating air and the mixture flow and their dependenee
upon M,./M,, ejector dimensions, and engine operating con-
ditions, steady-flow values are assumed.

Straight ejectors.— A uniform velocity distribution and
complete mixing are assumed at station 2. (See fig. 3.) If
the laws of conservation of momentum and conservation of
mass are applied between stations 1 and 2 and if friction is
neglected, the following equation may be written

ﬂ[aﬁ'{"-n{atrs.l +'P1Al= (ﬂfa'l"ﬂ'[t) Irm.l +p2A2 (1)

If the equation is rearranged and the pressure rise across the
mixing section wherein 4,=A4; is solved

7 7‘ Vg J..{‘ 7,,‘
l_ﬂf .V, e M .{T _ (A1 +32) ) @)

The air and mixture velocities may be expressed as

(M +AL)
Pm2432

A,
._Da.l( —Ac

where A4, is the cross-sectional area of the exhaust-gas jet
at station 1. The pressure differences existing throughout
the ejector in the present application have negligible effect
upon density; hence p,y may be taken as equal to peo. OF
simply as pq, and in conjunction with the perfect-gas equa-
tion '

.Vm.2= ' (3)

and
.Vu.l=

PaR e a

tul'm

(4)

Pm2=Pm=
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When equations (3) and (4) are substituted in equation (2), there is obtained

O MTL, M2 (Mo M) RaTa
P—P=g Y A, —A) T Afe.  RuT. )

If Bernoulli’s equation is applied between stations 0 and 1 and the air velocity at station 0 is assumed to be equal to
zero,

1 -
P1=Po“'§ pat a,l

or
. N S "
= §Pa(Ai—Aa)2 (6)
The pressure rise from 0 to 2 is obtained from equations (5) and (6)
MV M1 M} (LMY R.T, .
PP T T A (A A) 2 BB Adee Rl @

which may be written
M

el (MY 13 Tad,
Pr—Po=— 1 "\QA, ) p. M,| 2

(8)

where
A 4—24)
(4.—A,)?

is the factor accounting for the reduction in available area for air flow in station 1 due to the presence of the exhaust-gas
jet. For practical cases A, is small relative to 4; and « may be taken as unity.
Ra and T, may be expressed in terms of the properties and temperatures of the air and the exhaust gas.

From the general energy equation, neglecting the kinetic-energy terms, there is obtained

(ﬂ'-fc'l"Me)cp,an=ﬂI¢c;.cT¢+J1facp.eTc (9)
The specific heat of the gas mixture is given by _
o QLM b (10)
o= (ML) F1

Similarly, the gas constant of the gas mixture is given by

Ro= _ (MJ/AMHR.+R, ; 11
GLAL T an

Equations (9), (10), and (11) are combined to obtain

M, R, « T,

R.T. \M.TE. +aﬁ )
RT.” (3. 3 Cot (12)

+1)( cp.c)
By substitution of equation (12) in equation (8)
G2
JI Ve, (MN 1M, | M, (M, M., RAN\M, "¢, T-

P x| 53 GEr) G i e 13

(G2

If the difference in specific heats and gas constants between air and exhaust gas is neglected and if the area of the exhaust-
gas jet is small compared with the area of the ejector, equation (13) may be simplified to

BIT ALN 1AM, M M, T,
pn= () o 5 a3 -GE+) (3270 e

ALY, A, T,
D2— Po—Lf,iL+pa N ¥ M T, (15)

which may be written
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Thus the pressure rise of the exhaust-gas ejector pump is given as the sum of two terms: (1) the exhaust-gas thrust per unit.
ejector area and (2) the product of the square of the mass-flow rate of exhaust gas per unit ejector area, the specific volume
of air, and a function of the mass-flow ratio and of the ratio of exhaust-gas temperature to air temperature. The second term
is negative for all values of M,/M,.

With the range of variables encountered, the second term of the right side of equation (14) is negative indicating the
existence of an optimum ejector area.

Diffusing exits.—Addition of a diffusing exit to the straight ejector permits conversion of part of the kinetic head into
pressure head. The pressure rise attributable to the diffuser may be readily evaluated in terms of the pertinent factors
already used. Application of Bernoulli’s equation and the continuity equation between stations 2 and 3 and assumption
of constant density gives the familiar diffuser equation

g ontns [1=(%) ] "

The efficiency of pressure recovery of a diffuser is dependent. upon both the expansion angle and the expansion ratio. Fqua-

tion (16) is thus modified to _

_ =_ 2 {2y 1 42
Ps— s 5 Pme,z [1 (Aa) kq (1 As) ] (17)
where k,, the loss coefficient in the diffuser, is a function of diffuser angle.
Substitution of the expressians for Vg4, om, and %—; from equations (3), (4), and (12) in equation (17) gives
M.+ A M A ) ( + g2 )_
¢
—pimgy; (Y [1-(&) e (5 ]| Mipoes o, 2 (18)
2pa a a Cpe

< + 1) ( +G, a) -

With addition of equation (18) to equation (13), the total pressure rise in an ejector (ps—po=Ap) with a diffuser exit becomes

cpc
AP—M“L %) 32| s3+(3 +1)(M"*‘F) c,,))(ﬁ 1) (19)

o[- -1 (-4)]

If the simplifying assumption made in going from equat-ion (13) to equation (14) is again applied, equation (19) reduces to

o= () A [ M () (470 6] 20

Equation (19) or (20) may be considered the general equation for straight as well as diffuser ejectors. For straight ¢jectors
f=0 and equation (19) reduces to equation (13) and equation (20) reduces to equation (14). The theoretical curves used in
this report were calculated by means of equation (19); over the range of ejector operation of practical interest in the prosent
application, use of the approximate equation (20) introduces negligible deviation from equation (19). (Sece fig. 21.)

where
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20 ———Theoretical fequation (19}) ool
-------- Approximate f%eoreffca/ fequation (20))
JE—T
fl - \\ Me_
£ LR % (Ib/min)
e H s, 2
& : [ ™ \
i . I V.
s 1 \ N (ff/sec)
Sl k Qe ol 1950
4 I Y
2 8‘\ B S =
& ~~J_ss25
4 ———
a /g ag 3a 40 50 80

Ejector area, sqin

FigURE 21.—Comparison of theoretical performeance of 12-Inch diffuzer efector as predicted
by equation (19} and approximate equation’ 3 . Mlassflow ratlo, §; exhaust-gas tem-
perature, 1500° F; alr temperatore, 75° F; exhaost-nozzle area, 2.6 square inches.
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